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After the presentation, you will

1. Know of two chloramine apps: 
 Simulate chemistry (kinetics)
 Interpret hold studies
 Interpret real–world observations

2. Know of two chlorinated cyanurate apps:
 Simulate chemistry (equilibrium)
 Estimate free chlorine residual



Chloramines
 2nd most used secondary disinfectant
 Free ammonia (NH4

+ and NH3, Free NH3)
 Free chlorine (HOCl and OCl–, Free Cl2)

 ↓ regulated DBPs & ↑ residual stability
 3 inorganic species
 Monochloramine (NH2Cl)
 Dichloramine (NHCl2)
 Trichloramine (NCl3)

 Kinetically controlled system (time matters)



Drinking Water Chloramine Chemistry
 Formation & decay (will happen, baseline)
 Chlorine to ammonia–nitrogen ratio (Cl2:N) ≤ 5:1

Free chlorine = 2.0 mg Cl2/L
Free ammonia = 0.5 mg N/L
 Concentrations when mixed (residual not dose)
 Source water ammonia

 pH
 Mixing, temperature, hydraulics

 Demand (will happen if present)
 Natural organic matter & inorganics (e.g., iron)
 Nitrification related  nitrite, cells, degradation
 ↓ formation & ↓ stability

4:1 Cl2:N



Chloramine Reaction Scheme

Unified Model
Formation & “Decay”

Jafvert & Valentine (1992)
Vikesland et al. (2001)

1 HOCl + NH3  NH2Cl + H2O
2 NH2Cl + H2O  HOCl + NH3

3 HOCl + NH2Cl  NHCl2 + H2O
4 NHCl2 + H2O  HOCl + NH2Cl
5 NH2Cl + NH2Cl  NHCl2 + NH3

6 NHCl2 + NH3 NH2Cl + NH2Cl
7 NHCl2 + H2O  I
8 I + NHCl2 HOCl + N2 + 3H+ + 3Cl–

9 I + NH2Cl  N2 + 3H+ + 3Cl–

10 NH2Cl + NHCl 2 N2 + 3H+ + 3Cl–

11 HOCl + NHCl 2 NCl3 + H2O
12 NHCl2 + NCl3 + 2H2O  N2 + 2HOCl + 3HCl
13 NHCl2 + NCl3 + H2O  N2 + HOCl + 3HCl
14 NHCl2 + 2HOCl + H2O  NO3

– + 5H+ + 4Cl–
Example “Demand”

Organic Matter
Duirk et al. (2005)

15 NH2Cl + DOC1  NH3 + Products
16 HOCl + DOC2  Products



Motivation & Goals
 Create interactive apps
 Ability to simulate your conditions
 Impact of changes?
 What happens outside of normal ranges?
 What is the baseline chloramine stability?

 Freeware
 Web based
 Users
 Regulators, engineers, operators, academics, & students
 No software or modeling expertise



Chloramine Chemistry App
 Formation & decay + organic matter demand
 https://usepaord.shinyapps.io/Unified-Combo/
 Assumptions
 Batch (plug–flow)  time = water age (pipe–flow)
 Ideal chemical mixing
 No pipe wall or additional demand reactions
 No or low bromide (< 0.1 mg/L)

 Features
 User–selectable inputs
 Two side–by–side simulations
 Three chemical addition scenarios
 Download simulation data (.csv)

https://usepaord.shinyapps.io/Unified-Combo/


Chloramine Chemistry – Layout
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Chloramine Chemistry – Inputs



Simultaneous Addition (Plant Formation)
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Example Use Cases
 Plant formation
 Sample point location
 Lab formation



Preformed Chloramines (DS Sample)
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Example Use Cases
 Hold study
 Lab stock dosing



Booster Chlorination (Plant or DS)
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Example Use Cases
 Plant trimming
 DS boosting
 Rapid–mix effluent
 Mixing in DS
 Breakpoint tank



Chloramine Chemistry – Output Plot

Free NH3

Di



Hold Study Use Case – Overview
 Opflow publications

 Alexander et al., May 2019, 16–19, https://doi.org/10.1002/opfl.1187
 “Use a Hold Study to Assess Distribution System Influent Water Quality”

 Alexander et al., June 2020, 20–23, https://doi.org/10.1002/opfl.1383
 “Use a Hold Study and a Web‐Based App to Assess Chloramine Demand”

 Water sample
 Within treatment plant
 Distribution system influent
 Master meter

 Measure residual over time  assess bulk water stability
 Bottle study  no hydraulic or material impacts

 Chlorine demand free
 Size based on sample volume (1 liter)
 Protect from light  amber glass, foil wrapped, cabinet
 Headspace free

https://doi.org/10.1002/opfl.1187
https://doi.org/10.1002/opfl.1383


Hold Study – Approach
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Hold Study – Example Use Case
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Breakpoint Curve App – Add Chlorine
 https://usepaord.shinyapps.io/Breakpoint-Curve/
 Remove 1 mg N/L free ammonia (add free chlorine)

Total Cl2
Total Cl2

pH 7 pH 9

https://dwahman.shinyapps.io/Breakpoint-Curve/


Breakpoint Curve App – Add Ammonia
 Chloramine formation (add free ammonia)
 Impact of Cl2:N (4 mg Cl2/L, pH 7, 60 minute)

Tri

Di



After the presentation, you will
1. Know of two chloramine apps: 
 Simulate chemistry (kinetics)
 Interpret hold studies
 Interpret real–world observations

2. Know of two chlorinated cyanurate apps:
 Simulate chemistry (equilibrium)
 Estimate free chlorine residual
 JAWWA, November 2018, E43–E61
 DOI:  https://doi.org/10.1002/awwa.1146

https://doi.org/10.1002/awwa.1146


Free Chlorine & Sunlight

 Free chlorine
 Hypochlorous acid (HOCl) + hypochlorite ion (OCl–)
 Absorbs ultraviolet (UV) light   decomposes

Wavelengths > ~280 nm reach Earth’s surface
 Peak absorbance (λmax):  OCl– = 292 nm & HOCl = 235 nm
 30 minute half–life

 Cyanuric acid  outdoor pools since 1958
 “Stabilizes” free chlorine
 Forms chlorinated cyanurates

 Lowers free chlorine concentration
 “Reservoir” of free chlorine  releases back into water
 λmax = 215–220 nm  more stable in sunlight



Cyanuric Acid (H3Cy)

⇌



Cyanuric Acid
(enol form)

Isocyanuric Acid
(keto form)

“Cy” = C3N3O3 H3Cy



Chlorinated Cyanurate Equilibrium System

Cl3Cy

HCl2Cy

H2ClCy

H3Cy H2Cy– HCy2– Cy3–

HClCy–

Cl2Cy–

ClCy2–

⇌

⇌ ⇌

⇌ ⇌ ⇌

⇌
⇌

⇌

⇌
⇌ ⇌

 Cy + free chlorine ⇌ chlorinated cyanurates
 Total (available) chlorine (TOTCl) = 8 species with Cl
 Total cyanurate (TOTCy) = 10 species with Cy
 Free chlorine is disinfectant  no approved methods work

Trichlor
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Drinking Water Dichlor/Trichlor

 Federal Insecticide, Fungicide, and Rodenticide 
Registration Act (FIFRA)
 1st approval, July 2001  Oxychem Corporation
 Routine treatment of drinking water

Manufacturer NSF 60 Certification
 Function  disinfection & oxidation
 6, 10, or 30 mg/L max
 7 dichlor1 & 10 trichlor2 manufacturers

World Health Organization (WHO) guidelines
 Sodium dichloroisocyanurate (Dichlor): 50 mg/L
 Cyanuric acid: 40 mg/L

 SDWA primacy agency may approve use
 Benefits  ease of use (solid chlorine form, no Ca2+)

1http://info.nsf.org/Certified/PwsChemicals/Listings.asp?ChemicalName=Sodium+Dichloroisocyanurate
2http://info.nsf.org/Certified/PwsChemicals/Listings.asp?ChemicalName=Trichloroisocyanuric+Acid

http://info.nsf.org/Certified/PwsChemicals/Listings.asp?ChemicalName=Sodium+Dichloroisocyanurate
http://info.nsf.org/Certified/PwsChemicals/Listings.asp?ChemicalName=Trichloroisocyanuric+Acid


Free Chlorine Measurement

 Cy + free chlorine ⇌ chlorinated cyanurates
 Fast equilibrium
 Cannot react with free chlorine (or chlorinated cyanurates)
 Cannot change pH

What does not work?
 DPD & amperometric titration (Wajon & Morris 1980)
 Indophenol & ChemKeys (Wahman et al. 2019)
 Currently, no approved method

What could? Water chemistry estimate from sample?
 O’Brien (1972)  equilibrium system (25°C only)
 Need to know:

 pH  directly measure
 Total chlorine (TOTCl)  free chlorine DPD
 Total cyanurate (TOTCy)  estimate from chemical dosing



Free Chlorine & Cy App
https://usepaord.shinyapps.io/cyanuric/

 Assumptions
 Full O’Brien model  25°C
 Know total chlorine
 Know total cyanurate
 Know pH range

 Features
 User–selectable inputs
 Two side–by–side simulations
 Chemical addition scenarios
 Download simulation data (.csv)

 App Description
 https://nepis.epa.gov/Exe/ZyPU

RL.cgi?Dockey=P100S368.txt

https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=P100S368.txt


App Output (25°C)



Practical Issue – Temperature

 Simple model
 12 species  6 species
 10 equilibria  4 equilibria
 Temperature  3 equilibria

 Experiments  temperature

Cl2Cy–

⇌
HClCy–

⇌

H3Cy ⇌ H2Cy–

HOCl ⇌ OCl–



Simple Model Estimator
https://shiny.epa.gov/fcedts/



Additional Information
https://doi.org/10.1002/awwa.1086

Literature Review
https://doi.org/10.1002/aws2.1133

Practical Issues

https://doi.org/10.1039/C8EW00431E
Model Development

https://doi.org/10.1089/ees.2018.0387
Model Development

https://doi.org/10.1002/awwa.1086
https://doi.org/10.1002/aws2.1133
https://doi.org/10.1039/C8EW00431E
https://doi.org/10.1089/ees.2018.0387


After the presentation, you will

1. Know of two chloramine apps: 
 Simulate chemistry (kinetics)
 Interpret hold studies
 Interpret real–world observations

2. Know of two chlorinated cyanurate apps:
 Simulate chemistry (equilibrium)
 Estimate free chlorine residual



Acknowledgements
 App Development & Testing

External hosted location:  https://usepaord.shinyapps.io/Breakpoint-Curve/
EPA cloud.gov hosted location: https://shiny.epa.gov/cbcs/
Source code:  https://github.com/USEPA/Chlorine_Breakpoint_Curve_Simulator

Chloramine Formation and Decay:
External hosted location:  https://usepaord.shinyapps.io/Unified-Combo/
EPA cloud.gov hosted location:  https://shiny.epa.gov/cfd/
Source code: https://github.com/USEPA/Inorganic_Chloramine_-Formation_and_Decay_Application

Chloramine Apps Webinar (Start at 33 min): https://www.youtube.com/watch?v=s6Kxn1Atff4&feature=youtu.be

Chlorinated Cyanurates (25° C):
External hosted location:  https://usepaord.shinyapps.io/cyanuric/
EPA cloud.gov hosted location:  https://shiny.epa.gov/fccas/
Source code: https://github.com/USEPA/Free_Chlorine_and_Cyanuric_Acid_Simulator

Chlorinated Cyanurates (Simple Model, 5–35° C):
EPA cloud.gov hosted location:  https://shiny.epa.gov/fcedts/

Breakpoint Chlorination:

 Matt Alexander, Alicia Diehl, Alison Dugan, Richard Falk, Vadim Malkov, Jonathan Pressman, & Jerry 
Speitel

 App Deployment
 Kudeha Atila, Velez Childress, Jamie Falik, Michael Hillard, Jeff Hollister, Michelle Ibarra, Thom Johnson, 

Kim Lyons, Ethan McMahon, Caroline Parton, Michelle Sims, Becky Taylor, Ann Vega, & Dalroy Ward

Source code: https://github.com/USEPA/Free-Chlorine-Estimator-for-Dichlor-and-Trichlor-Systems
Chlorinated Cyanurates Webinar: https://www.youtube.com/watch?v=ljgxqfiuoXk&feature=youtu.be

https://usepaord.shinyapps.io/Breakpoint-Curve/
https://github.com/USEPA/Chlorine_Breakpoint_Curve_Simulator
https://github.com/USEPA/Chlorine_Breakpoint_Curve_Simulator
https://usepaord.shinyapps.io/Unified-Combo/
https://github.com/USEPA/Inorganic_Chloramine_-Formation_and_Decay_Application
https://github.com/USEPA/Inorganic_Chloramine_-Formation_and_Decay_Application
https://www.youtube.com/watch?v=s6Kxn1Atff4&feature=youtu.be
https://usepaord.shinyapps.io/cyanuric/
https://github.com/USEPA/Free_Chlorine_and_Cyanuric_Acid_Simulator
https://github.com/USEPA/Free_Chlorine_and_Cyanuric_Acid_Simulator
https://shiny.epa.gov/fcedts/
https://github.com/USEPA/Free-Chlorine-Estimator-for-Dichlor-and-Trichlor-Systems
https://www.youtube.com/watch?v=ljgxqfiuoXk&feature=youtu.be
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